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ABSTRACT 


The  effect  of  plutonium  and  iron  cn  the  fluorescence  of  uranium  in 
sodium  fluoride  melts  illuminated  by  TJV  light,  has  been  measured  over  a 
wide  range  cf  concentrations* 

The  transmission  of  sodium  fluoride  to  UV  light  at  different  wave- 
lengths shows  that  sodium  fluoride  alone,  and  also  when  containing  iron, 
has  no  absorption  bands.  Sodium  fluoride  containing  uranium  has  a wido 
absorption  band  in  the  UV.  Iron,  however,  has  a strong  quenching  action 
and  it  is  proved  tha.t  iron  doc3  not  quench  by  light  absorption.  It  is 
also  shown  that  the  spectrum  of  the  enhanced  fluorescence  of  uranium  does 
not  change  in  the  presence  of  small  amounts  of  iron  and  it  is  concluded 
that  the  initially  excited  states  of  uranium,  and  not  the  netastoble 
fluorescent  state,  are  subject  to  quenching  by  iron. 

(1Morritt's  theory  for  uranium  fluorescence  is  amplified  with  reference 
to  Forster’s  theory  of  resonance  transfer,  and  the  experimental  quenching 
curves  are  interpreted  on  the  basis  of  eifergy  transfer  and  light 
absorption.  The  distance  of  energy  transfer  is  calculated  to  be  of  the 
order  10QA°.  Forster’s  theory  is  criticised  in  that  it  fails  to  predict 
self -quenching. 

The  absence  of  detectable  fluorescence  in  plutonium  compounds  is 
■discussed. 
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1®  nJTRODttCTION 


The  purpose  cf  this  report  is  tc  study  the  fluorescence  of  uranium 
in  a flux  of  sodium  fluoridel  *)  containing  plutonium,  Iren  was  found 
to  simulate  plutonium,  and  this  was  used  for  mere  extended  measurements. 

(a)  Absorption  and  Fluorescent  Spectra  of  Uranium 

The  absorption  and  emission  spectra  of  uranyl  compounds  has  been 
attributed  to  the  U-0  bends  in  the  ion  and  the  spectra  of  certain 

crystalline  uranyl  salts  at  low  temperatures  has  been  worked  out  in 
full  detail  on  this  basis'-  2).  Absorption  lies  in  the  region  3400  — 

5000  A and  arises  from  electronic  excitations  from  the  vibrational 
levels  of  the  ground  state  to  those  of  several  higher  states.  Emission 
lies  in  the  region  4700  to  6000  A and  arises  from  a single  electronic 
shift  from  bond  vibrational  levels  in  the  first  excited  state  to  those 
of  the  ground  state.  After  removing  the  exciting  light  the  emission 
shows  phosphorescence  and  decays  exponentially  with  tine  constants  of 
the  ardor  10-4  sees,  Dicke  (2,  pg.42)  points  out  that  "the  mechanism 
of  the  change  from  the  various  excited  levels  to  the  initial  state  of 
the  fluorescence  has  never  been  studied  in  detail.  There  is  little 
doubt  that  it  is  caused  by  interaction  with  the  crystalline  field," 

The  excess  energy  is  probably  transformed  into  heat  and  the  transfer 
must  be  rapid  in  comparison  with  the  time  of  fluorescent  deooy  of  the 
metastahle  state, 

(b)  Comparison  of  Plutonium  and  Uranium 

The  plutonyl  ion  apart  from  nuclear  differences,  only  differs 

from  ihe  ur  uivl  ion  UOg  in  possessing  two  additional  electrons  which 
it  is  Ui.ual.ly  suggested  lie  in  the  inner  5f  shell.  As  pointed  out  by 
Kroger  (3,  pg,  52)  it  might  be  expected  that  fluorescent  effects  would 
arise  from  the  plutonyl  ion  itself,  both  by  analogy  with  the  uranyl 
ion,  and  by  analogy  with  rare  earth  ions  which  have  4f  electrons.  In 
solution,  plutonyl  compounds  absorb  light  over  a similar  spectral 
region  to  uranyl  compounds.  This  absorption  has  been  atta'ibuted  to 
PuO-bond  vibrations  analogous  to  the  U-0  bond  vibrations  ( 4)  t There 
is  far  plutonium  an  additional  high  absorption  peak  at  8300  A which  is 
attributed  to  excitation  of  the  5f  electrons,  by  an  analogy  with  the 
4f  absorption  peaks  in  rare  earth  solutions(4).  However  no  fluorescent 
emission  spectrum  analogous  to  that  for  uranium  has  been  found  far 
solutions  or  crystals  of  plutonyl  compounds,  although  an  extensive 
search  has  been  made  by  G,  R,  Priced).  Conditions  investigated 
included  those  of  fluoride  and  carbonate  melts  similar  to  those  in 
which  the  enhanced  fluorescence  of  uranium  is  observed.  The  ion 
shows  no  fluoresoence  and  in  fact  appears  as  a quencher  of  UO2 
fluorescence,  and  the  stable  form,  of  plutonium  under  some  conditions 
is  Pu4f,  However  Price  took  account  of  all  the  common  forms  cf 
plutonium  including  Pu02++  during  his  measurements.  Again  no 
fluorescence  due  to  plutonium  has  been  observed  in  the  experiments 
here  reported,  although  no  search  has  been  made  under  conditions 
different  from  these  under  which  uranium  can  be  measured. 

Recently  J.  K.  Dawson^  has  found  that  magnetic  susceptibilities 
of  certain  Pu02++  compounds  favour  the  6d  ar.d  not  the  5f  configura- 
tion for  the  extra  electrons.  This  destroys  to  some  extent  the 
similarity  between  U02++  and  Pu02++,  and  between  plutonium  and  the 
rare  earths,  and  mokes  the  absence  of  fluorescence  less  unexpected. 

The  obsorption  peak  at  8300  A however  remains. 

The  absence  of  fluorescence  suggests  that  excited  states  of 
plutonium  iori3  are  not  metastable,  cr  that  they  can  transform  their 
energy  into  heat  more  rapidly  than  they  can  transform  it  into  light. 

As  shown  below  plutonium  is  a highly  efficient  quenching  agent  for 
uranium  fluorescence  (it  falls  into  the  "strongest  interference" 


class  in  the  classification  suggested  by  Zebrcski  and  Newton' ' and 
this  nay  be  precisely  because  it  can  transform  absorbed  light  into 
heat  rapidly, 

(c)  The  Comparison  of  Uranium  Phosphors  with  other  Phosphors 

(8) 

Pringsheim-  ' places  fluorescent  melts  containing  traces  of 
uranium  "rather  in  the  class  of  impurity  activated  phosphors,"  The 
latter  include  the  fluorescent  effect  of  thallium  in  potassium  chloride 
crystals,  of  traces  of  chromium  on  the  colour  development  of  rubies 
and  other  gems,  and  the  effect  cf  impurities  on  the  "short"  fluorescence 
cf  zinc  sulphide.  This  aneiogy  has  not  been  formerly  emphasised,  but 
many  similarities  appear. 

The  outstanding  similarity  is  that  a very  small  trace  of  impurity 
causes  a narked  effect  throughout  the  whole  of  the  base  material.  The 
colour  af  natural  rubies  is  due  to  chromium  or  manganese  in  amounts  of 
the  order  of  1 p.p.m,  in  otherwise  colourless  alumina,  A second 
similarity  is  that  the  effect  becomes  less  marked  as  the  concentration 
cf  the  impurity  becomes  appreciable.  The  linear  relationship  between 
fluorescence  and  uranium  content  of  melts  ceases  to  held  for  amounts 
greater  than  about  20  p.p.ra.  and  fluorescence  decreases  above  about 
2$  (see  Figure  12  and  Ref,  17),  Similarly  the  linearity  of  fluorescent 
quantum  yields  of  thallium  in  potassium  chloride  drops  above  concentra- 
tions cf  IJj,  and  of  the  fluorescence  of  bismuth  in  calcium  sulphide 
above  50  p.p.n.  (Ref,  8,  pgs.  589,  591).  When  the  base  materials  ore 
removed  and  only  the  pure  salts  are  considered  the  fluorescence  per 
atom  becomes  relatively  small  in  UO2F2  and  T1C1  and  almost  nil  in 
chromium  and  bismuth  salts. 

Details  of  the  spectral  bands  alBo  show  similarities.  The  ruby 
absorption  and  emission  spectra  have  the  some  appearance  ns  those  of 
uranyl  salts.  They  both  have  a long  absorption  spectrum  with  a short 
overlapping  fluorescent  spectrum  which  appears  mirrored  round  a high 
peak.  Spectral  bonds  shift  radically  in  intensities  at  different  wave- 
lengths from  those  of  the  pure  salts  to  those  of  fused  melts.  As 
stated  above  the  emission  of  uranyl  solutions  is  mainly  between  4700 
and  6000  while  that  of  uranium  in  sodium  fluoride  does  not  extend  below 
5300  and  continues  into  longer  wavelengths  (8  pg.  498).  For  thallium 
chloride,  while  the  absorption  bands  for  the  pure  salt,  for  the  solution 
ir.  concentrated  halide,  and  for  the  crystal  phosphor,  are  all  in  the 
sane  region  (3  pg.  55),  the  fluorescent  emission  shifts  from  a vague 
maximum  at  3700  A from  the  pure  material  to  the  region  of  4500  and 
4900  A in  the  alkali  halide  phosphor. 

(d)  Migration  of  Excitation  Energy 

N.  Riehl  (Ref  11,  pg,  135)  in  his  paper  on  "New  Results  with  Zinc 
Sulphide"  shows  that  activation  energy  can  be  transferred  from  atom 
to  atom  in  a luminescent  material.  In  zinc  sulphide  activated  by  100 
p.P,m«  of  copper  and  irradiated  by  a particles, nearly  10Qg  of  the 
kinetic  energy  of  the  a particles  is  finally  converted  into  light 
which  has  the  copper  atom  spectrum,  while  most  of  the  kinetic  energy 
must  have  been  delivered  initially  to  the  zinc  and  sulphur  atems  in 
the  path  of  the  a particle.  Similarly  in  excitation  with  ultra 
violet  light  the  fluorescent  quantum  yield  is  sometimes  claimed  to  be 
nearly  quantitative ( Riehl  states  "the  energy  sent  in  is  absorbed 
by  the  whole  zinc  sulphide  lattice,  and  only  after  this  is  it  trans- 
ferred to  the  bodies  which  are  capable  of  shining,  i,e,  to  the 
activating  atoms". 

i)  Excitation  of  Base  Materials 

In  recent  literature  it  appears  that  two  theories  for  the 
migration  of  excitation  energy  are  being  developed.  The  earlier 
is  called  the  exciton  effect  as  discussed  by  Frenkel  in  1S36(^-), 
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by  Gcodeve  (11,  pg,  135,  1^).  and  more  recently  by  Seitz^  . 
Apker  and  Taft  and  others  v22,  2, y have  recently  claimed  direct 
evidence  for  the  oxciton  effect  in  the  irradiation  cf  alkali 


halide  crystals  with  U.V.  light.  The  energies  of  the  photo 
electrons  produced  have  been  measured  and  they  appear  in  two 
groups,  one  attributed  directly  to  U.V.  light  quanta,  and  the 
other  attributed  to  excitation  of  the  crystal  lattice,  i, e,  to 
"excitcns",  It  might  be  expected  that  this  effect  in  alkali 
halides  would  be  very  relevant  to  uranium  fluorescence  in  sodium 
flucride.  The  solids  used  by  Apker  and  Taft,  were  potassium  and 
rubidium  bromide  and  iodide  in  which  "F"  centres- had  been 
specially  induced  and  which  show  light  absorption  bands  in  the 
U.V. 


Experiments  have  been  made  te  find  cut  if  pure  sodium 
fluoride  melts  prepared  as  in  measurements  of  uranium  fluorescence 
show  any  light  absorption  bands.  The  light  from  an  iron  spark 
was  transmitted  through  a flake  cf  fused  sodium  fluoride  held 
against  the  slit  of  a spectrograph.  The  intensities  of  the  lines 
transmitted  compared  with  those  of  the  spark  direct  (as  described 
in  the  experimental  section  below),  are  plotted  in  Fig,  1#  The 
sodium  fluoride  was  almost  opaque  and  the  exposure  necessary  for 
the  transmitted  light  was  about  200  times  longer  than  that  for 
the  untransnitted  light.  Nevertheless  Figure  1 shows  that  there 
are  no  absorption  bands.  The  light  is  evidently  reduced  by 
scattering  i«e.  multiple  refraction  and  reflection  in  the  ocas  of 
crystals,  and  only  a small  fraction  diffuses  through.  At  lower 
wavelengths  the  multiple  refraction  would  be  expected  to  be 
greater  than  at  higher  wavelengths  and  this  would  give  rise  to 
the  small  apparent  absorption  at  low  wavelengths  as  shown  in 
Fig,  1,  Thus  there  is  no  mechanism  by  which  the  light  oan  cause 
excitation  of  the  sodium  fluoride  lattice  by  itself.  When  uranium 
is  present  it  might  be  supposed  that  the  light  energy  is  fed  into 
the  lattioe  via  the  uranium  ions  os  "active  centres".  If  enhance- 
ment were  due  to  such  a "feeding"  effect  it  should  aver  some  range 
be  dependent  on  the  uranium  concentration  squared,  and  it  is 
difficult  to  see  how  the  linear  relationship  observed  experi- 
mentally, (Fig,  12)  arises.  Also  if  enhancement  was  associated 
with  excitation  of  the  base  material  itself,  it  would  be  expected 
to  be  very  dependent  on  the  type  of  base  material,  whereas  in 
fact  it  is  not  restricted  to  sodium  fluoride  melts  but  also  occurs 
in  borax  beads,  phosphate  and  carbonate  melts, with  relatively 
minor  alterations.  We  conclude  that  excitation  effects  in  the 
base  material  are  not  relevant  to  uranium  fluorescence, 

ii)  Resonance  Transfer 

Merritt  in  1926^7)  suggested  that  enhanced  fluorescence  of 
diluted  uronyl  ions  is  due  to  the  fact  that  the  uranyl  ion  is 
isolated  in  the  fluoride  lattice  and  does  not  lose  excitation 
energy  except  by  fluorescence  or  by  transfer  to  a neighbouring 
quenching  atom  or  ion,  A recent  theory  called  "resonance  . 
transfer"  has  byen  reviewed  by  J,  Franck  and  Livingstone''12^  and 
by  E,  J,  Bowem'11  . Direct  evidence  is  found  in  the  fluorescent 
light  from  mercury  vapour  containing  small  amounts  cf  sodium 
vapour,  where  it  is  the  latter  that  emits  light  absorbed  by  the 
former.  A similar  effect  is  observed  in  anthracene  crystals 
containing  small  amounts  cf  naphthaoeno.  Further  evidenoe  is 
obtained  from  the  concentration  depolarisation  of  polarised  light 
by  fluorescent  dyes  in  solution  which  appears  to  be  explicable 
only  by  supposing  that  the  energy  has  migrated  through  several 
molecules  randomly  distributed.  The  effect  is  distinguished 
experimentally  from  the  mere  absorption  and  re-enission  of 
fluorescent  light  by  a study  of  the  extinction  coefficients 
involved. 
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It  docs  not  yet  appear  whether  "excitons"  ana  "resenanoe 
transfer”  are  two  aspects  of  the  sane  phenomenon.  In  the 
theoretical  treatment  the  former  is  regarded  according  to  a very 
recent  paper  by  Heller'-  ^7)  as  an  interaction  between  the  excited 
centre  and  electrons  in  the  lattice  surrounding  it,  whereas  the 
latter  is  an  interaction  between  different  centres  with  matched, 
or  nearly  matched,  energy  levels, 

Forster^1  ^9)  aiacusscq  the  resonance  transfer  effect 
theoretically.  His  theory  has  not  been  published  outside  the 
German  literature,  and  a brief  summary  is  given  in  Appendix  1. 

Experiments  have  been  made  to  find  out  if  such  a theory  is 
relevant  to  the  quenching  effects  observed  in  uranium  fluorescence. 
Figure  6(a)  compares  our  results  for  the  apparent  self  quenching 
by  uranium,  with  the  quonching  by  iron.  Quenching  sets  in  over 
the  same  concentration  range  but  the  initial  slope  shows  that 
iron  is  more  efficient  at  quenching  than  is  uranium.  Figure  2 
shows  different  exposures  of  the  iron  spark  spectrum,  first  alone, 
then  through  sodium  fluoride  containing  830  p.p.m,  of  uranium 
(0.01  Molar)  and  again  through  sodium  fluoride  containing  an 
equal  weight  of  iron  (0. 04  Molar),  The  uranium  melt  spectrum 
shows  high  absorption  in  the  U.V.  below  400QA°  (together  with 
some  enhancement  in  the  visible  at  5500  A°  due  to  fluorescence). 
While  it  was  not  possible  to  obtain  absolute  values  for  the 
extinction  coefficient  it  does  appear  that  light  absorption  by 
uranium  might  be  sufficient  to  explain  the  self  quenohing  shown 
in  Figure  6j  which  is  the  conclusion  reached  by  MerrittC"! 7) . 

The  sodium  fluoride  containing  iron,  however,  shows  no  such 
comparable  absorption  in  the  U.V.  or  in  the  visible.  Thus  while 
iron  quenohing  is  initally  greater  than  uranium  self  quonching, 
iron  light  absorption  is  much  less  than  uranium  light  absorption, 
end  this  is  proof  that  iron  quenching  is  not  due,  as  was  formerly 
supposed,  by  PriceC"*),  to  light  absorption. 

Ferric  chloride  and  sulphate  in  solution  show  very  high 
absorption  in  the  U.V.  below  3600  A°.  Fluoride  ions,  however, 
complex  iron  and  decolourise  ferric  solutions.  Figure  3 shows 
a comparison  of  the  absorption  in  ferric  sulphate  solutions  at 
a concentration  of  C.018M  as  obtained  in  a speotropho  tome  ter, 
with  and  without  added  3odium  fluoride  solution.  The  latter 
suppresses  the  U.V.  absorption  (prior  to  fluoride  precipitation) 
to  very  low  wavelengths  and  this  supports  the  evidence  of  Figure 
2 obtained  with  the  spark  spectrum  transmitted  through  fluoride 
mel ts , 


Figure  6 is  again  significant  in  that,  increasing  concentra- 
tions of  both  plutonium  and  iron  quench  some  of  the  fluorescence, 
but  not  all  of  it.  If  the  quenching  were  due  to  a mechanical 
effect  such  as  increased  light  scattering  by  crystal  size 
reduction,  or  to  a chemical  effect  of  a compound  formation,  no 
such  sharps  orange  in  slope  in  the  concentration  quenching  curve 
would  be  expected.  A possible  explanation  is  that  the  maximum 
solubility  of  the  iron  in  the  flux  is  reached  at  the  point  of 
inflexion.  However  the  melts  only  began  to  appear  inhomogeneous 
during  fusion  at  very  much  greater  concentrations  of  quencher* 

No  inhonogeneity  could  be  seen  at  the  lower  concentrations  when 
melts  were  examined  between  slips  of  quartz  in  a polarising 
microscope,  (which  might  be  expected  to  show  up  any  non  cubic 
crystalline  phase).  We  propose  the  explanatior  that  some 
excited  states  of  uranium  are  quenched,  while  others  are  not 
quenched.  Figure  4 shows  the  spectrum  of  the  mercury  lamp  used 
in  the  fluorine ter  and  Figure  5 shows  the  transmission  curve  for 
the  U.V,,  filter  used.  These  shew  that  several  wavelengths  may 
be  involved  in  the  initial  excitations  between  3000  and  40 00  Ac. 


Experiments  were  made  to  see  if  the  quenchable  states  ccuid 
be  identified.  Quenching  must  occur  either  during  the  lifetime 
of  the  initially  excited  states,  or  during  the  lifetime  of  the 
fluorescent  states.  If  it  is  some  cf  the  latter  transitions 
that  are  quenched  and  some  that  are  not  quenched,  then  the 
quenching  agent  must  alter  the  fluorescent  spectrum,  an  effect 
that  has  previously  been  reported  for  some  elements 
Figure  7 shows  the  fluorescent  spectra  of  100  Mgs  cf  uranium 
in  sodium  fluoride  melts,  in  the  absence  of  iron  and  in  the 
presence  of  25,100,  and  1,000  Mg3  cf  iron.  No  significant 
alterations  in  line  positions  or  intensity  could  be  proved  using 
a densitometer,  apart  from  alterations  in  overall  intensity 
which  appear  in  Figure  7.  Figure  8 shews  superimposed  densitoneter 
records  from  closely  matched  exposures.  There  nay  be  a slight 
reduction  in  the  green  end  of  the  spectrum  relative  to  the  red 
when  very  large  amounts  of  iron  are  present,  but  it  is  a 
negligible  effect  in  comparison  to  the  overall  reduction  in 
intensity.  We  conclude  that  iron  quenches  by  enabling  sene  of 
the  initially  excited  states  of  uranium  to  drop  down  to  the 
ground  state  by  energy  transfer  without  stepping  at  the  meta- 
stable  state,  while  other  initially  excited  states  cannot  so 
readily  transfer  their  energy,  if  at  all,  and  continue  to  give 
rise  to  the  metastable  fluorescent  state. 


2. 


QUANTITATIVE  TREATMENT  OF  FLUORESCENCE  AND  QUENCHING  IN  URANIUM  PHOSPHORS 

Normally  uranium  fluorescence  F is  interpreted  as  a linear  function 
of  the  concentration  Cu  of  uranium  atoms  presents  * > *7 1 1°).  The 
starting  equation  is  of  the  form 

p = Iou<Vu  (O 

where  I as  a proportionality  factor  depending  on  the  intensity  of 
incident  light,  0q  is  a quenching  coefficient  arising  from  the  inter- 
ference of  neighbouring  uranium  atoms  with  each  other,  or  with  quenching 
atoms,  end  0a  involves  the  light  absorption  of  the  melt  as  the  uranium 
or  quencher  concentration  Oq  varies. 

For  instance  Bruninghaua^^  has 


0q  = e~k*°u 


and  Merritt^  has 

6 =s 

vq. 

^a  = 


e*tcu 


+ C. 


u 


Cl) 

and  Price'  who  was  the  first  to  consider  theoretically  quenching  by 
ions  other  than  uranium,  has 


(for  the  range  of  concentration  he  considers) 

0 - 1 (qi  + cg) 

a k’"  (cu+cq) 

These  authors  make  no  allowance  fer  different  effects  at  different 
wavelengths  and  in  fitting  these  equations  to  experimental  curves  for 
the  dependence  of  fluorescence  on  concentration  they  conclude  that  the 
factor  0a  due  to  absorption  is  the  important  effect  ever  the  range 
10  to  2000  p.p.m,  and  0q  the  interference  effect  is  only  operative 
above  2000  p.p.m.  The  equations  also  predict  complete  quenching  as 
Cq  rises  (see  Fig.  6c).  In  view  of  the  transmission  evidence 


described  above,  these  conclusions  arc  not  correct.  Elaborating 
Merritt's  equations  by  allowing  for  different  effects  at  different 
wavelengths,  and  by  including  absorption  and  quenching  by  other  ions 
as  well  as  uranium,  a general  equation  may  be  derived  as  follows; - 

Let  us  consider  a single  excited  uranyl  ion  in  a melt  containing 
a ^concentration  Cu  of  uranyl  ions  and  of  quencher  ions.  According  to 
Forster1  s theory  if  a quencher  ion  is  wi thin  a radius  R0  of  the  uranyl 
icn  energy  transfer  may  be  frequent,  and  if  outside,  infrequent.  To 
simplify  (in  accordance  with  Merritt)  it  may  be  supposed  that  a 
quenching  ion  inside  a sphere  of  volume  •,  v surrounding  the  uranyl  ion 
will  cause  complete  I03S  cf  excitation  of  Wavelength  X,  and  no  loss 
will  occur  if  the  quenching  icr.  is  outside. 

In  unit  volume  the  probability  of  one  ion  of  being  outside  a 
volume  j^Vq  is 


and  the  probability  of  all  quencher  ions  in  a concentration  Cq  being 
outside  is  far  a single  sphere 

0 “ \vq)G<1 

= o *1  1 wheh  ^Vq  «1 

Similarly  the  probability  of  other  uranium  ion3  being  outside  a sphere 
of  volume  xvu  is 

e“°u  Xvu 

and  the  probability  that  neither  uranyl  ions  nor  quenching  ions 
influence  an  excited  uranyl  ion  is 

0“°u  Xvu  e-°q  Xv! 

The  number  of  uranyl  ions  in  unit  volume  capable  of  fluorescing  is 
therefore 


where  a 


Cu  e 


-a 


°u\vu  + CqXVq 


(7) 


Next  oonsider  the  incident  U.V.  light  Ix  of  different  wave- 
lengths X.  Assuming  that  the  light  is  attenuated  exponentially 
through  the  melt,  the  amount  that  penetrates  to  a depth  x in  the  melt 
is 


where  b^  is  the  coefficient  of  absorption  of  the  melt  to  D.V.  light 
of  wavelength  X.  The  fluorescence  will  be  proportional  tc  the  ancunt 
of  light  absorbed  by  each  uranium  ion  i.e,  to 


Xs  u h ° 


“V 


(8) 


where  xeu 


is  the  coefficient  of  absorption  by  uranium. 


The  fluorescence  dxFc  from  a thin 
layer  dr  thick  cf  area  A is  then 
the  product  cf  the  amount  of  light 
absorbed  per  ion  (Equation  8)  and 
the  number  of  ions  capable  of 


fluorescing  (Equation  7)  i. o. 

-b\r  -a 

d\Fo  “ Xeu  h e Adxcuo 

Tho  fluorescence  nay  be  absorbed  in  its  passage  through  the  melt  to 
the  surface  with  a coefficient  bf  and  the  final  fluorescent  intensity 
d^F  is  given  by 

“bf»x 

V 3 \Fcc 

d\F  = Acu  xeu  h °“a  e“bX 
where  b = b^  + bp 

If  the  samples  are  effectively  infinitely  thick 

XF  = Aou  Xeu  \ 9"a 


= A°u  ^eu  h.  °"a 

b 

Now  the  absorption  coefficient  b will  be  the'  sum  of  that  due  to  the 
scattering  by  the  sodium  fluoride  P (practically  independent  of  wave- 
length in  the  relevant  region),  that  due  to  the  concentration  of  uranium 
(\eu  + feu)°u  end  that  due  to  the  concentration  of  quencher  (\£q  + 
where  the  fe's  are  the  absorption  coefficients  for  the  fluoresoent 
light  (independent  of  the  wavelength  of  the  exciting  light).  Per  our 
final  equation  the  total  fluorescence  P from  all  the  different  exciting 
wavelengths  is  therefore 

P * Aou?Xeu\|"a  (9) 

where  a = ^ xvu  + xvq 

b a p + (x6u  + feuK  + (\eq  + feq^Gq 

Values  of  the  absorption  coefficients  e may  be  read  from  appropriate 
absorption  curves.  Values  of  \v  can  only  be  surmised  from  the  spectral 
regions  in  which  the  ions  concerned  are  known  to|( absorb  and  to  lose 
excitation.  This  may  be  expressed  by  adapting  Forster’s  theory: - 

Xvq  = R06  « 17  « Xeu  \£q  (See  APPend±x  1 ) 

or  -).v„  = K /,  e e* 

Xvu  = \su 

where  the  K’s  are  ecus  tents  for  the  ions  concerned 


-hr  , 
e dx 


J 


Our  transmission  experiments  suggest  that  when  q represents  iron 


Vq  cannot  however  be  zero  for  all  values  of  X and  we  can  only  conclude 
that  v/hile  the  fluoride  ions  prevent  the  ferric  iens  absorbing  light  s 
they  do  not  prevent  the  ferric  ions  absorbing  'xcitation  from  neigh- 
bouring uranyl  ions  in  a fluoride  lattice.  In  equation  10  ^s’q  will 
therefore  be  given  values  comparable  to  those  for  the  absorption  cf 
light  in  the  absence  of  fluoride  ions  i, e,  as  in  ferric  solutions. 


In  these  circumstances  equation  3 reduces  to  the  following 
equations  with  the  conditions  shown:- 


p - 4 c 


!u1Txeu  \ 


G A i 

u % 


(11) 


« p 


'U 


Cq  - 0 


i»e.  proportional  to  Cu,  where  conditions  shown  hold  for  all  values  of  X; 


P = A I 
X x 


I 


— £<  o„  <<  L 


u 


u 


(12) 


i,e,  independent  cf  Gu; 

F s 0 


c A 1 

> V, 


u 


„ A ? 

>•>  — 


i, e,  complete  quenching  at  high  uranium  concentrations} 

P * 0 if  any  value  cf  . s or  v =»  0 

A A « 

i#e*  incomplete  quenching  at  high  uranium  concentrations* 


Fractional  quenching  by  uranium  at  high  concentrations  is 
given  by:- 


* u = 


°u 


'j£  e 3-  - & e 31 

'^U  Xu^P  + ^eu0u 


?Vu°u 


Similarly  fractional  quenching  by  q is  given  by;- 

_ l x«B  \ C - 

* 


n X 1 

°u  <<  y 


u 


Oq  = 0 


„ x 1 

CU  <<:  *7?“ 
U 

„ X P 

ou  « r- 


(14) 


i<,  c0  independent  cf  Cu 


Equation  14  reduces  to:- 


q 


i.e,  proportional  to 


*q  = 

i.e,  complete  quenching 


Gqheuhx\ 

X Xeu  \ 


1 


X 4 

0„  » — 


(15) 


$q  1 If  some  values  of  = 0 

i.e,  incomplete  quenching. 

Equation  9 thus  may  predict  the  fluorescence  in  oil  our  experimental 
conditions . Some  measurements  have  been  made  where  both  the  uranium 
and  the  quencher  concentrations  arc  high,  (i,e.  outside  the'  conditions 
af  14  and  15  when  ijt  is  no  longer  independent  of  Cu)  and  again  as 
shown  below  the  approximate  values  predicted  by  equation  ^ are  obtained. 
By  fitting  the  various  curve  a ? arbitrary  values  of  A.  on  instrument 
proportionality  factor  involving  the  area  of  sodium  fluoride  exposed, 

P the  light  scattering  of  sodium  fluoride  relative  to  absorption  by 
uranium,  and  the  K factors  of  equations  10  may  be  evaluated.  Prom 
the  K factors  the  actual  distance  R0  in  the  sodium  fluoride  over  whioh 
energy  is  transferred,  may  be  calculated. 


EXlTamENTAL 


(a)  The  Fluorimeter 


The  measurements  of  the  fluorescence  of  the  uranium  meltB  were 
made  in  a fluorimeter  'type  108QA  which  has  been  fully  described 
previously^ It  consists  of  a U.V,  lamp  followed  by  a blook 
filter  (blue  green)  No,  Chance  0X1, 

The  light  is  focussed  on  to  the  sample  and  the  fluorescent 
light  after  a further  filter  to  remove  reflected  U.V,  light,  is 
measured  in  intensity  by  the  response  of  a photomultiplier  tube, 

(b)  Sample  Trays 

Samples  were  mounted  in  small  platinum  trays  1"  diameter  and  5" 
deep  which  have  also  been  previously  described(23J„ 

(0)  Phosphor 

Sodium  fluoride  was  used  for  the  phosphor.  This  has  the  dis- 
advantage that  it  requires  a high  temperature  for  the  fusion*  Mixtures 
of  alkali  carbonates  have  a lower  temperature  of  fusion  but  they  tend 
to  give  a lower  response  in  fluorescence!2^),  they  are  not  easy  to 
make  homogeneous,  a factor  upon  which  precision  has  been  reported 
to  depend jmd  they  deliquesce  to  give  a variable  r esponse  if 
cooled  in  the  atmosphere (24), 

Many  brands  of  sodium  fluoride  give  a high  fluorescence  when 
fused  in  the  absence  of  added  uranium.  This  appears  due  to  (a)  the 
presence  of  minute  quantities  of  uranium  in  the  fluoride  and  (b)  to 
"wnite"  fluorescence  the  cause  of  which  is  not  yet  clear  although  it 
can.  be  seen  with  the  naked  eye.  Brands  that  gave  particularly  low 
blanks  were  "Merck"  brand  Rahway  N.J,  (U.S.A.)  and  Baker  and  Adamson, 
Allied  Chemical  and  Dye  Corporation,  N.Y.  (U.S.A.)  and  these  were 
used  in  all  the  experiments  hero  reported.  Varied  sensitivity  was 
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obtained  for  uranium  fluorescence  from  different  batches  of  sodium 
fluoride  and  figures  were  only  comparable  when  measured  with  the  same 
batch  under  the  same  conditions.  The  low  blanks  given  by  some  brands 
may  be  due  not  only  to  low  uranium  content  but  also  to  a high  quencher 
content  which  reduces  the  overall  sensitivity  in  their  use. 

(d)  Method  of  Heating 

Where  possible  the  fusions  were  done  ever  a bunsen  flame  in  a 
fume-hoed.  The  sodium  fluoride  (600  mgs)  was  roughly  measured  onto 
the  tray  and  heated  until  a clear  melt  was  obtained,  it  was  then  set 
aside  to  cool  on  an  asbestos  beard. 

The  fusion  of  high  plutonium  bearing  melts  in  open  trays  is  a 
health  hazard  which  was  overcome  by  using  a muffle  furnace  in  an 
enclosed  glove  box.  The  furnace  consisted  of  two  ccncentrio  silica 
tubes,  the  inner  wound  with  Nichrone  V resistance  wire  and  the  outer 
heavily  lagged  with  asbestos. 

It  was  found  that  samples  heated  in  the  furnace  gave  a lower 
fluorescence  response  then  samples  heated  in  an  open  flame.  The 
response  dropped  steadily  with  the  time  of  heating  in  the  furnace. 

This  effect  was  attributed  to  contamination  by  silicon  from  the  silioa 
tubes,  which  rapidly  became  corroded  in  use.  It  was  overcome  by 
lining  the  inner  tube  internally  with  a welded  tube  of  5/1000" 
platinum  sheet.  The  temperature  of  the  furnace  was  controlled  by  a 
thermocouple  and  a variac  resistance.  After  heating  up,  the  furnace 
was  allowed  to  cool  to  a set  reading  corresponding  to  about  980°C. 

The  samples  were  then  heated  one  at  a time  for  2gr  minutes  (or  the 
shortest  time  for  homogeneous  fusion)  and  cooled  rapidly  by  standing 
the  trays  on  an  iron  plate.  By  this  means  fair  reproducibility  was 
obtained. 

(e)  Treatment  of  Sample 

In  the  initial  experiments  the  synthetic  uranium  plutonium  solu- 
tions, as  nitrates  in  Wf  nitric  acid,  were  pipetted  directly  on  to 
the  cleaned  trays  and  evaporated  to  dryness.  The  sodium  fluoride  was 
then  added  and  fused.  The  resulting  phosphors  were  often  noticeably 
brown  in  oolour  and  had  a greatly  reduced  fluorescence,  an  effect 
which  could  possibly  be  due  to  attack  on  the  platinum.  Removal  of 
the  nitric  acid  by  evaporating  the  stock  solutions  to  fumes  with 
sulphuric  acid  before  adding  to  the  tray  effeoted  an  improvement. 
Reproducibility  in  the  results  was  further  improved  by  first  fusing 
the  sodium  fluoride  in  the  troy  and  then  adding  the  aliquot  of  the 
sulphated  uranium  solution  oh  top,  drying,  and  finally  refusing. 

(f ) Details  of  Transmission  Experiments 

Initial  e xperiments  were  conducted  using  Bodium  fluoride  melted 
between  quartz  slips-  but  the  fluoride  rapidly  attacked  the  quartz  and 
made  the  results  of  doubtful  value,  Thin^films  of  potassium  carbonate 
melts  could  be  made  in  this  way  but  the  concentration  measurements  were 
all  made  in  sodium  fluoride  and  again  comparisons  would  not  have  been 
useful.  It  was  found  that  thin  flakes  of  sodium  fluoride  containing 
definite  concentrations  of  heavy  metals  could  be  made  as  follows 

The  fluoride  and  ferric  or  uranium  sulphate  in  definite  quantities 
were  fused  in  a platinum  tray  in  the  usual  manner  until  homo- 
geneous. The  melt  was  then  broken  up,  A suitable  piece  of  phosphor 
was  melted  on  a thin  piece  cf  smooth  platinum  foil  of  small  area 
(~  1/2  cm^).  On  cooling  the  foil  could  be  peeled  away  leaving  an 
intact  flake,  about  1/2  mm  thick.  This  was  placed  across  a hole 
about  4 mns,  diameter  in  opaque  photographic  paper  and  its  corners 
fastened  down  with  cellophane  tape.  Care  was  taken  that  the  exposed 
part  of  the  flake  was  as  uniform  in  thickness  as  possible  and  that  it 
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completely  covcrel  the  hole 


An  ircn  spark  u,a s run  at  2,5  amps  and.  150  volts  A. C,  The  light 
was  focussed  onto  the  slit  of  a medium  grating  spectrograph  by  a 
quartz  medium  focus  lens.  The  spectra  were  photographed  on  fast 
panchromatic  plates.  Exposures  were  of  the  order  1 to  30  sees,  for 
the  spark  alone  and  1 to  30  minutes  fer  the  light  after  transmission 
through  the  sodium  fluoride.  The  latter  was  placed  right  up  against 
the  slit. 


After  developing,  the  spectra  were  read  in  a Hilgcr  automatic 
recording  densitometer.  The  plates  were  calibrated  by  exposing  to 
the  light  of  the  iron  spark  after  transmission  through  a rotating 
logarithmic  sector.  The  line  densities  were  then  measured  in  the 
densitometer  under  the  sane  conditions  as  the  densities  on  the  sample 
plates  were  measured.  The  log  of  the  intensity  was  plotted  against 
the  densitometer  readings  for  selected  lines  along  the  spectrum. 
Separate  characteristic  curves  were  made  in  the  regions  6200  to  1-000, 
W)00  to  3000  and  3000  to  2500  A°.  Spectra  of  different  exposures  in 
which  the  unabsorbed  parts  were  of  about  equal  density  were  chosen  for 
comparison.  The  differences  of  the  logarithms  of  the  intensities  are 
plotted  in.  Figures  1,10  and  11.  The  log  intensity  scale  is  the  sane 
for  each  graph,  but  it  is  arbitrary  and  has  been  adjusted  in  Figures 
10  and  11  so  tnat  zero  corresponds  to  zero  absorption. 

(g)  Details  of  Fluorescence  Spectra  Measurements 

Platinum  trays  containing  fluoride  with  varying  quantities  of 
iron  and  uranium  were  prepared  in  the  usual  way.  The  trays  were  then 
damped  facing  the  slit  of  a small  prism  spectrograph  about  1 cm. 
away.  A U.V.  Woods  glass  lamp  situated  behind  and  at  the  side  of  the 
slit  was  then  shone  onto  the  tray  and  the  spectrum  of  the  diffused 
reflected  light  examined  visually.  The  spectra  were  also  photographed. 
Densitometer  readings  of  the  spectra  were  obtained  and  by  choosing 
suitablo  exposures  curves  could  be  bracketed  for  the  purpose  of  com- 
parison ns  shown  in  Figure  8, 


4.  RESULTS 

(a)  Uranium  alone 


Table  I shows  a typical  set  of  readings  taken  far  a calibration 
run  to  determine  the  variation  of  fluortfioence  F with  the  uranium  Cu 
cf  the  melt.  The  readings  were  here  taken  on  6 separate  trays,  each 
trey  being  read  twice  in  two  different  positions  in  the  fluorine ter* 

The  blank  was  read  twice  before  addition  of  the  uranium  and  subtracted 
in  all  measurements.  The  mean  F of  the  N results  for  each  quantity 
of  uranium  together  with  the  standard  deviation  cr  of  the  average  of  the 
two  observations  on  each  tray  as  given  by 

Jt  _ (F  - F)2 

N - 1 

is  shown  in  Column  A.  The  variance  3f,  or  root  mean  square  fractional 
standard  deviation  is  given  at  the  foot  cf  Colucnt.  Occasionally  (1  in 
60  in  Tabic  i)  readings  were  found  which  were  greater  than  3 times  the 
expected  standard  deviation  from  the  neon  and  these  were  rejected. 

Table  II  shows  a similar  set  of  data  taken  throughout  a much 
greater  range  at  high  and  lew  sensitivities.  The  detailed  observations 
ore  not  here  recorded,  but  the  standard  deviations  calculated  as  far 
Table  I arc  shown. 


-11- 


(b)  Plutonium  Quenching 


Tables  III  to  VI  show  results  similar  to  these  given  in  Table  I 
but  here  different  mounts  cf  plutonium  are  also  present.  The  figures 
in  Tables  III  and  IV  were  obtained  using  the  furnace  with  an  exposed 
silica  tube.  These  in  Tables  V and  VI  were  obtained  with  a platinum 
lined  furnace.  Each  figure  is  again  the  mean  of  the  observations  on 
6 trays.  In  Table  VI  the  low  reading  obtained  for  200  (ignis,  of  plu- 
tonium in  the  absence  of  added  uranium  shews  that  the  plutonium  was 
not  appreciably  contaminated  with  uranium.  The  same  batch  of  plutonium 
was  used  throughout. 

The  figures  in  each  Table,  including  the  two  sets  in  Table  II  were 
obtained  at  different  periods  over  several  months  and  as  the  sensitivity 
of  the  instrument  changed,  either  by  change  of  lamp  or  alterations  in 
its  position  or  intensity,  or  by  alteration  cf  the  EHT  to  the  photo- 
multiplier tube,  the  tables  must  be  compared  by  referring  to  the 
fluorescence  of  a fixed  quantity  of  uranium  in  the  absence  cf  quencher. 

(c)  Iren  Quenching 

A further  set  of  figures  was  obtained  using  iron  as  a quenching 
agent  instead  of  plutonium.  Solutions  of  ferric  alum  in  approx. 

0.5N  sulphuric  acid  were  mode  up  and  pipetted  with  uranyl  sulphate 
in  amounts  of  0.05  to  0.5  mis.  and  measured  as  in  the  procedure  given 
far  plutonium.  Results  obtained  are  given  in  Table  VII.  Eaoh  column 
represents  a run  and  the  figures  are  adjusted  horizontally  for 
sensitivity  by  the  readings  of  a standard  solution  measured  with  eaoh 
run.  The  percentage  quenching  calculated  from  Table  VII  is  shewn  in 
Table  VIII. 

(d)  Saturation  of  Photocell 


The  manner  in  which  the  uranium  fluorescence  reaches  a maximum 
os  concentration  increases  could  be  due  to  a saturation  effect  in 
the  photocell.  This  was  checked  by  cutting  down  the  light  from  the 
U.V.  lamp  with  a pin-hole  opaque  disc  placed  in  front  of  it.  The 
total  fluorescence  was  reduced  by  a factor  of  more  than  10  but  the  same 
fluorescence  curve  was  obtained  with  altering  uranium  concentration 
03  that  obtained  with  the  full  U.V.  light,  showing  that  the  effect 
was  not  due  to  photocell  saturation. 

(e)  Infinite  Thickness  of  Semple 


In  the  theoretical  section  we  have  assumed  that  the  sample  was 
infinitely  thick  to  light.  This  point  can  be  checked  experimentally. 

If  there  is  no  less  of  light  with  increasing  thickness  of  melt,  the 
fluorescence  should  be  proportional  to  the  amount  of  uranium  and 
independent  of  the  amount;  of  sodium  fluoride.  If  the  melt  is 
infinitely  thick  to  light,  the  fluorescence  should  be  proportional  to 
the  concentration  of  uranium.  Figure  5 shows  the  f luarescenoe  of  1 pgm 
cf  uranium  in  different  amounts  of  sodium  fluoride.  Tho  fluorescence 
is  nearly  proportional  to  the  reciprocal  of  the  amount  of  sodium 
fluoride  i.e,  to  the  uranium  concentration.  This  is  not  precisely 
true  and  we  conclude  that  in  some  parts  of  the  trdy  e.g.  at  the  edges 
and  in  the  middle  the  melt  is  not  always  infinitely  thick  to  light. 

This  would  be  a marked  effect  for  small  amounts  cf  sodium  fluoride, 
but  it  appears  that  infinite  thickness  may  be  assumed  for  the  amounts 
used  in  our  experiments. 

(f )  Graphs  and  Numerical  Deductions 

The  results  in  Tables  I end  II  ore  plotted  in  Figure  12  to  show 
the  fluorescence  in  the  absence  of  quencher.  The  reduction  in 
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values  of  Tables  V end  VII  arc  plotted  in  Figure  13  to  show  the  reduc- 
tion of  fluorescence  with  different  amounts  cf  iron  and  plutonium. 
Although  the  points  for  plutonium  are  rather  scattered  they  confirm 
that  at  low  uror.'um  concentrations  a linear  relationship  between 
fluorescence  and  uranium  content  holds  in  the  presence  of  different 
amounts  of  quencher. 

Figures  6a,  b and  c shows  the  percentage  quenching  by  different 
concentrations  of  quencher  at  fixed  concentrations  of  uranium. 

In  Figures  12,  13  and  6 the  full  lines  are  the  theoretical  curves 
as  given  by  Equation  9 using  the  values  for  the  various  terms  as  set 
out  in  Table  IX.  The  relative  intensity  cf  the  lamp  at  different 
wavelengths  (col,  2,  Table  IX)  has  been  obtained  from  the  densitometer 
plot  of  Figure  4,  using  plate  calibration  curves  as  previously 
described.  The  intensities  were  multiplied  by  the  width  of  the  lines 
measured  in  rams,  on  the  densitometer  chart  sc  as  to  give  the  integral 
of  the  total  amount  of  light  in  any  wavelength  region.  The  continuum 
in  the  region  of  3341  A°  was  measured  in  the  sane  way  and  added  to  the 
3341  A°  line  intensity  which  considerably  augmented  the  total  light 
in  this  region^  The  percentage  transmission  of  the  U.V.  light  filter 
(col.  3,  Table  IX)  is  obtained  direptly  from  Figure  5.  The  product 
of  columns  2 and  3 gives  1^  in  column  4.  Relative  values  of 
fool.  5)  are  read  direct  from  Figure  10.  Absolute  values  of 
(ool.  6)  were  obtained  from  the  absorption  of  ferric  iron  in  solution 
as  given  in  Figure  3.  To  obtain  the  quenching  curves  the  value  for 
3650eFc  t°  be  reduced  from  that  of  the  full  line  to  the  value  shown 
by  the  dotted  line.  This  reduction  appears  permissible  because  3630  A° 
is  at  the  skirt  of  the  absorption  peak  and  we  are  in  any  case  extra- 
polating from  light  absorption  in  aqueous  solutions  to  energy  transfer 
in  fluoride  melts. 

The  parameters  used  to  fit  the  graphs  are:- 

A which  is  obtained  from  the  limiting  value  of  the  fluorescence 
at  its  maximum  value  (Figure  12,  Eqn.  12), 

P which  is  given  by  the  linear  slope  of  the  curve  in  Figure  12 
before  uranium  absorption  arises  (Eqn.  11 ). 

Ky  is  obtained  from  the  uranium  concentration  at  which  fluor- 
escence drops  off  after  the  maximum  (Figure  12,  Eqn.  10  and 
12),  an  effect  that  cannot  be  due- to  light  absorption. 

Kpe  is  obtained  from  the  initial  slope  of  the  quenching  curve 
(Figure  6b,  Eqns.  10  and  15). 

5.  DISCUSSION 


Merritt's  theory  even  as  elaborated  above  is  clearly  over  simple 
and  no  good  agreement  between  theory  and  experiment  can  be  expected. 
The  laws  that  hold  for  transparent  media  have  been  applied  to  a dif- 
fusing medium  where  they  are  unlikely  to  be  true.  In  Equation  9>  b 
and  in  turn  P depend  on  the  light  scattering  properties  of  sodium 
fluoride  melts  and  it  is  almost  certainly  this  factor  that  is  respons- 
ible for  the  very  variable  results  that  are  obtained  for  different 
conditions  of  fusion. 

As  3 hewn  in  Figures  6 b and  c,  the  quenching  action  of  plutonium 
is  very  similar  to  that  of  iron,  except  that  the  initial  slope  is 
steeper.  This  indicates  that  plutonium  absorbs  energy  over  the  same 
range  as  iron,  but  more  readily.  The  absorption  spectra  of  PuIV  in 
aqueous  solutions  is  suppressed  by  fluoride  ions,  and  in  the  absence 
of  fluoride  both  PuIV  and  PuVI  light/ absorption  rises  steeply  in  the 
region  of  3500  A^  like  that  for  ircnl.20^.  Assuming  that  the  transfer 
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substitution  in  Equations  9 and  10  gives  the  curve  in  Figure  6o.  From 
the  values  of  K^,  Kpo,  and  the  calculated  values  of  P.c  (Equation 
10)  ere  shewn  in  Table  X (converting  from  litres  per  gran  ncle  tc 
cubic  angstroms  per-  atom)*  This  is  the  distance  at  which  removal  cf 
activation  from  a uranium  ion  by  a neighbouring  ion  becomes  as  probable 
as  removal  by  internal  deactivation  to  the  metastablc  fluorescent 
state.  The  figures  in  Table  X may  be  compared  with  the  value  of  60  A° 
for  acriflavine  tc  rhodpmineO^) , "100  Ac  cr  more"  for  transfer  between 
chlorophyll  molecules^ and  values  between  120  and  2*00  A°  for  transfer 
in  mercury  vapour^1-1).  It  would  be  expected  that  transfer  might  occur 
over  greater  distances  in  a rigid  crystal  lattice  than  in  solution,  or 
in  organic  crystals,  where  loosely  bound  electrons  arise. 

The  lav/  values  for  uranium  transfer  ere  interesting.  In  Forster1 a 
theory  the  neighbouring  uranium  atom  would  accept  the  activation  energy 
of  the  initially  activated  atom  and  itself  be  fluorescent  so  that  the 
total  fluorescence  is  not  reduced,  i,e,  in  Equation  3 (Appendix  1) 
where  "1"  and  "2"  are  both  uranium 
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The  suggestions  of  Goodeve  and  Fronkelv  * ' appear  more  adequate 

i„e,  that  loss  of  energy  occurs  in  the  transfer  process  itself.  This 
can  arise  if  there  is  a change  in  the  mean  position  cf  nuclei  in 
excitation  as  indicated  in 

Diagram  1 , because  sane  of  the 
energy  would  be  lost  at  each 
sransfer  as  kinetic  energy  of 
jioticn  (heat).  Then  the  greater 
tfye  number  of  transfers  (TF  in 
Forster’s  theory)  the  greater  would 
he  the  probability  of  quenching, 
Forster’s  Equations  3 end  4 (in 
Ax>pendix  1)  do  not  predict  this, 
but  reach  a constant  value  as  TF 
increases,  and  therefore  cannot 
predict  self -quenching.  Thus  our 
values  for  R0  suggest  speculation 
that  self  quenching  only  arises 
when  the  distance  between  neigh- 
bouring uranium  atoms  is 
sufficiently  small  for  very 
frequent  transfers  to  occur, 
whereas  quenching  by  other  ions 
ooours  at  larger  distances 
when  a single  transfer  can  occur 


DISTANCE  BETWEEN  NUCLEI. 
DIAfiRAM.  I. 


during 


life-tinc  of  the  excited  state. 


Table  XI^28)  shows  information  available  cn  the  quenching  ability 
of  other  elements.  These  have  been  arranged  to  shew  the  order  of  the 
amount  of  initial  quenching  per  atom.  It  might  be  expected  that 
factors  other  than  those  considered  in  this  report  such  as  changes  in 
mutual  solubility,  enter  in  when  the  less  sensitive  elements  after 
say  copncr , ore  involved.  /For  instance,  enhancement  by  aluminium  and 
antimony  has  been  reportedC  24) , Thi3  report  predicts  that  elements 
with  U.V.  absorption  spectra  spreading  into  the  visible  would  tend  to 
produce  nearly  complete  quenching,  whereas  these  with  high  U.V. 
absorption,  but  no  absorption  in  the  near  visible,  would  give  high 
initial  quenching,  but  incomplete  quenching  as  the  concentration  rose. 
At  the  bottom  of  Table  XI  the  first  12  elements  as  for  as  the  evidence 
suggests  ore  arranged  in  order  of  their  ability  to  quench  completely, 
and  it  is  noteworthy  that  the  elements  at  the  end  of  this  list  include 
those  with  absorption  that  spreads  into  the  visible,  whereas  silver 
and  lead  which  are  colourless  in  the  visible,  head  the  list. 


6.  CONCLUSION 


Evidence  has  been  produced  to  prove  that  iron  does  not  quench  by 
a light  absorption  process.  The  alteration  of  fluorescence  with 
concentration  is  explicable  by  assuming  that  iron  and  plutonium  quench 
some  excitations,  but  not  others,  by  radiationless  energy  transfer, 
while  uranium  oauses  self  quenching  initially  by  light  absorption 
and  at  higher  concentrations  by  energy  transfer.  Other  elements  may 
quench  by  U.V.  light  absorption,  by  fluorescent  light  absorption,  or 
by  energy  transfer,  and  the  original  equation  of  Merritt  has  been 
developed  to  meet  these  possibilities. 
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•APTENDIX  1 


SUMMARY  OF  FORSTER'S  THEORY  OF  RESONANCE  TRANSFER  (16),  (19). 

Forster  gives  a complex  mat!  statical  treatment  of  the  transfer  of  energy 
between  excited  centres,  of  which  these  are  the  main  features. 

The  wave  function  i{r(w)  of  a molecule  or  ion  excited  with  energy  w,  in 
theory  spreads  to  infinity  and  the  probability  i]r^(w)  of  finding  the  energy 
decreases  as  the  distance  from  the  excited  centre  increases.  In  Forster's 
theory,  if  there  is  another  oentre  which  can  receive  excitation  energy  of 
the  same  value  »,  then  the  probability  cf  the  excitation  energy  passing 
from  one  centre  to  the  other  is  a function  cf  the  amount  of  overlap  cf 
the  wave  functions  (i, c,  of  the  distance  between  the  two  centres)  and  of 
the  degree  to  which  the  energy  levels  of  the  two  centres  match  each  other. 


p (t)  is  defined  as  the  probability  of  a fluorescent  centre  k 
possessing  its  activation  at  time  t after  activation;  and  oa  tho 
number  of  transfers  of  activation  from  centre  k to  centre,  1 in  unit  time; 
^lk  118  numi)er  transfers  baok  again;  and  T the  mean  life  of  centre 
k.  In  the  absence  of  transfer, 


*t(t)  = P(0)  = 1 

dt  T 

Pk(t)  - o ^ 


1 

f 


+ L 


where  5f  is  the  probability  of  f luoresoence 
in  unit  time,  and  L is  the  probability  cf 
losing  activation  by  radiationless  processes. 


In  the  presence  of  neighbouring  atoms  1 the  fundamental  equation  is 

iPj(t)  - pt(t)S  -|pk(t).  *a  • ^ (D 


The  three  terms  on  the  right  in  this  equation  represent  the  rate  of  arrival 
of  activation  from  neighbouring  1 atoms,  less  the  rate  of  loss  of  activation 
to  neighbouring  1 atonB,  lesB  the  rate  of  loss  by  an  internal  process  (as 
fluorescence  or  heat).  The  summation  is  for  all  the  1 atoms  surrounding 
atom  k.  The  fluorescent  efficiency  is  given  by 

t — 00 


1 


pk(t)  dt 


(2) 


In  the  simple  wase>(cf  an  initially  excited  atom  1 in  the  presence  of  an 
unexcited  atom  2 Fcrster  integrates  (1)  and  (2)  and  obtains 


•n 


1 + TF 


V 


2TF  ( 


t)2  = "H 


9B>\  0=3 


(3) 


where  rj  is  the  fluorescent  efficiency  when  no  transfer  is  possibles  Those 
equations  show  that  when  TF<<  1 (fev/  transfers  during  the  mean  life)  there 
is  low  interaction  and  the  energy  effectively  stays  with  each  centre,  when 
TF>>1  the  energy  is  with  centre  1 for  part  of  the  time  arid  with  centre 
2 for  part  of  the  time,  and  the  fluorescent  of  each  is  reduced. 

In  applying  Equation  3 he  considers  S,  which  is  the  average  number  of 
1 atoms  inside  a small  volume  v. 


§ - N’c  v = N*  ^ 

Acre  N(  is  Avogadros  number,  c ±3  the  concentration  of  1 ana  V is  the 
total  volume  per  mole.  The  probability  cf  an  atom  of  1 lying  outside  a 
volume  v is  then 


(i 


=5  e 


Applying  (3)  the  total  fluorescence  quenching  for  all  atoms  is 


- n 


0 

o 


1 h-  TF 
1 + 2jF 


e d£ 


(4) 


where  the  integration  is  fer  ell  the  different  sized  little  volumes  v. 


Now  in  Equation  4,  F,  the  number  cf  transfers  in  unit  time,  is  itself 
a function  of  the  distance  between  k and  1 (i,o.  of  £)•  This  function  is 
worked  out  from  wave  mechanical  considerations  in  which  the  following 
appear  to  be  tne  main  steps.  The  probability  cf  transfer  is  a function  of 
the  square  of  the  combined  wave  function  for  the  too  centres 


i.e.  Fj^ 


Tfe  t; 


i,e. 


^kl  (wk  v?l)  fjcpends  on  the  volume  in  which  the  energy  is  spread 
on  and  Forster  eventually  arrives  at 


where  R^q  is  the  actual  distance  and  R0  is  a critical  distance  "at  which 
the  energy  transferred  falls  below  the  activation  energy".  This  high 
power  dependence  on  radius  justifies  the  sphere  of  action  pre-supposed  in 
Merritt's  theory  of  quenching.  Rj,  is  a function  of  the  energy  levels 
concerned  and  is  connected  with  the  extinction  coefficients  e(w)  cf  the 
fluorescent  and  absorption  spectra  by  nn  equation  cf  the  type 


F=0 


e *(w)  eM(w)  dw 


(i.e,  the  greater  the  overlap  of  the  spectra  at  each  value  cf  ff,  the  greater 
the  number  cf  transfers), 

Forster  does  not  develop  the  theory  for  quenching  in  crystalline 
■materials,  but  applies  it  to  quenching  in  solution.  He  illustrates  it  by  the 
action  of  rhodaninc  on  the  fluorescence  cf  acriflr.vinc  solutions,  for  which  he 
calculates  the  value  of  R0  to  be  cf  the  order  cf  60  Ac  from  absolute  units. 


TABLE  I 


FLUORESCENCE  AND  URANIUM  CONTENT 


Uranium 
present 
in  Mgms 

Fluorimeter  Readings 
F x 10^  above  blanks  (<  102) 

Mean 

F 

Standard 

Deviation 

<T 

0.2 

0.44 

0.64 

0.58 

0.83 

— 

0.64 

0,62 

0.617 

0.119 

0.45 

0.61 

0.60 

0.81 

0.62 

0.58 

0.4 

1.0 

1.1 

1.3 

1.0 

1.2 

1.0 

1.125 

0.107 

1.0 

1.2 

1-3 

1.0 

1.1 

1.1 

0.8 

2.3 

2.1 

1.9 

2.4 

2.2 

1.8 

2.117 

0.220 

2.3 

2.2 

2.0 

2.3 

2.2 

1.7 

1.2 

2.5 

2.9 

3.1 

3.6 

3.0 

3.2 

3.091 

0.344 

2.5 

3.4 

3.0 

3.5 

3.2 

3.2 

1.6 

4.4 

4.3 

4.1 

4.2 

4.2 

4,0 

4.24 

0.16 

4.6 

4.4 

4.4 

4.0 

4.2 

4.1 

2.0 

5.4 

5.7 

5 = 1 

5.4 

5.6 

c4.1  j 

5.64 

0.23 

5.2 

6.0 

5.6 

5.5 

5.9 

3 4.0* 

2.4 

7.0 

7.4 

6.3 

6.3 

6.8 

6.1 

6.76 

0.47 

7.0 

7.7 

6.7 

6.6 

6.8 

6.4 

2.8 

7.2 

5.8 

7.4 

7.0 

7.1 

7.3 

7.04 

0.62 

7.1 

5.9 

7.5 

6.8 

7.6 

7.8 

3.2 

9-4 

9.8 

9.3 

10.3 

10.3 

8.8 

9.51 

0.40 

9.2 

10.2 

9.8 

8.6 

9.5 

9.9 

3.6 

10.5 

•8.3 

11,0 

9.6 

9.7 

9.6 

9.91 

0.67 

9.9 

9.7 

10.0 

11.5 

8,6 

10.5 

\ 

Y 


- ; i *2l* 

Ff 


.095 


Bracketed  Readings  rejected  because 


F-F>3xFxy 


TABLE  II 


TABT.-R  III 


Uranium 

Readings  in  the  Presence  of  Plutonium  x IcA 

Present 

jjgms. 

Ojj,  gms.  Pu 

5ja  gms,  Pu 

IOji  gms.  Pu 

20|j  gms,  Pu 

0.6 

1.41  ± 0.21 

0.93  + 0.28 

0.811  +0.13 

1.2 

2.79  +0.24 

2.67  ± 0.2? 

2.50  +0.17 

1.93  +0.14 

2.4 

5.51  +0.75 

5.49  + 0.  3 

4.50  + 0.40 

3.37  + 0.31 

Y = 0.137 

Result  on  one  tray  outside  3y  ajad.  rejected. 
TABLE  IV 

UENCHING  BY  PLUTONIUM  (Silioa  Furnaoe') 


Readings  in  the  Presence  of  Plutonium, ngms.  of  Pu  x 10^" 


30 

40 

3.20  + 0.43 

3.30 1.  0.35 

y — 0.22 

TABLE  V - 

UENCHING  BY  PLUTONIUM  (Platinum  Pumaoe 


Readings  x 10^  pgms.  of  Plutonium 


0 


2.6  +0.1 
3,7  + 0.3 
4.6  + 0^-1 
6.5  + 0.3 


2.0  ± 0,1 
2.4  + 0.2 
3.5  + 0.2 
4.2  + 0.4 


7.9  ±1.6*  4,9  +0.1’ 


1.5  ±0.2 
2.4  + 0.2 

3.6  +.  0,4 

3.7  + 0.3 
3.1  +0.5* 


8,3  +0.6 


5 


5.9  +0.4*  ^4.5  +0.4* 


^Change  in  U.V.  lamp.  Alteration  in 
sensitivity  allowed  for. 


TABLE  VI 


QUENCHING  BY  PLUTONIUM  (Platinum  Furnace) 


Uranium 

Present 

URItlS. 

Readings  x 104  |j.gms.  of  Pu 

0 

50 

80 

200 

1000 

0 

0.043  ± .ool 

1.0 

4.  if 

approx,  2 

2.0 

5.4 

2.55  ± 0.4 

2.4 

6.5 

2.88  + 0.3 

2.8 

7.6 

3.18  + 0.85 

3.2 

8.6 

3.32  + 1.2 

3.6 

9.7 

3.32  + 0.73 

TABLE  VII 
QUENCHING  BY  IRON 


Readings  by  1C>3 


■ it?  ys  Si 

| Weight  of  Uranium  pgms. 

0.5 

1.0 

10 

100 

0.580  + 0.27 

1.11  i 0.09 
0.949  + 0.096 

10.0  +1.5 

46.0  + 5.3 

Normalised 
to  Pig. 12 

5 

0.525  + .041 

8.27  + 0,55 

41.8  + 3.4 

10 

0.430  + .025 

0.778  + 0.120 

7.99  + 0.77 

38.0  + 2.8 

25 

0.385  ± .053 

0.675  i 0.092 

5.46  + 0.42 

34.7  + 5.2 

50 

0.272  + .016 

0.553  + 0.060 

4.98  + 0.37 

32.9  + 2.4 

100 

0.246  + .048 

0.462  + 0.059 

4.75  + 0.40 

26.3  + 2.1 

500 

0.160  + .023 

0.322  + 0.026 

3.94  + 0.10 

o 

• 

+1 

o 

• 

-d- 

OJ 

1000* 

0.242  + 0.060 

21.1  + 2.5 

1 

j 

* Separate  phase  of  iron  oxide  beginning  to  appear 


TABLE  VIII 


PERCENTAGE  QUENCHING  BY  IRON 


Weight  of 
Iron  Present 
. ugms. 

Weight  of  Uranium  ^grms 

• 

0.5 

1.0 

10 

100 

5 

9.48 

14.8 

17.3 

9.1 

10 

25.8 

30.4 

20,3 

17.4 

25 

33.5 

38.5 

44.0 

24.5 

50 

53.1 

52.1 

50.2 

28.3 

100 

57.6 

58.6 

52.6 

42.8 

500 

72.2 

71.0 

60.6 

47.8 

1000 

78.3 

54.2 

- i 

TABLE  IX 

NUMERICAL  TERMS  FOR  EQUATIONS  9 AND  10 


\ 

A° 

Relative 
Intensity 
of  light 
from  Lamp 

(Fifi.4) 

% Transmission 
of  U.V.  Filter 
(Fig.  5) 

(Figure  10) 

XsFe 
(Fig.3) 
(Ref.  20) 

3021 

0.196 

1 

0.20 

1.3 

2500 

3125 

0.342 

5 

1.71 

1.1 

2000 

3341 

0.296 

30 

8.9 

0.8 

300 

3650 

0.560 

55 

30.8 

0.28 

.003 

4046 

0.520 

1 

0.52 

0.15 

0 

A = 0,26  x IcA  (instrument  Factor) 

P = 8,4  x 10~4  (Extinction  of  sodium  fluoride 

relative  to  gu>  calculated 
for  molar  concentration  of 
uranium). 

Ky  = 11  (litres  per  gram  molecule  of 

uranium). 


% 


e _ 


45 


(litres  per  gram  molecule  of 
iron) . 


Weight  of  melt  0,6  grams 
Volume  of  melt  0*21  mis. 


TABLE  X 


DISTANCE  OF  ENERGY  TRANSFER  CALCULATED  FRCM  QUENCHING  CURVES 

(Equations  9 and  10) 


■ 

Ro  in  Anstrflm  Units  ; 

wm- 

Uranium  - Uranium 

Uranium  - Iron 

Uranium  - Plutonium 

3021 

18 

100 

160 

3125 

17 

94 

150 

33M 

15 

65 

105 

3650 

10 

16 

26 

4046 

6 

< 5.5 

< 9 

Distanoe  n£  - F in  ionic  cubic  lattice  2.3A0 


TABLE  XI 


4-th  Colvnan  Order  Ag  Ni  Pb  Au  Pt  Pu  Fe  Th  Co  Or  Mn  Cu 
" " Value  500  100  50  30  20  20  20  10  10  10  5 5 


<>046  ^ 


flG  2 , •frqnmmKalon  Of  lro^porfc_jft^aai. 

(a)  Iron  Spcrk  Alone. 

tb)  Through  NaF  containing  iron  830  ppm. 

„ i*  uranium  830  ppm. 

(<j)  Iron  Spark  Alone. 

(«)  Through  NaF. 


Irom  Surges  ot  NaF 
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